The effects of natural enemy releases on conservation genetics within ecosystems are rarely considered. Diadegma semiclausum (Hellen) (Hymenoptera: Ichneumonidae) was introduced and continues to be released for biological control of diamondback moth in Japan. Diadegma semiclausum and indigenous Diadegma fenestrale (Holmgren) (Hymenoptera: Ichneumonidae) share geographic ranges and hosts, and produce offspring when mated under laboratory conditions. We used DNA to examine whether offspring from inter-specific one-way parental crosses (D. semiclausum / and D. fenestrale ?) were hybrid, as some Hymenoptera (e.g. Aphidius colemani Viereck (Hymenoptera: Braconidae)) exhibit thelytokous reproduction by gynogenesis. Molecular analyses revealed offspring mtDNA (COI) is maternally inherited, as expected, but rRNA (ITS-2) originates from both parents. Should similar hybridization occur in the field beyond the F1 generation, genetic mixing is a possible consequence that may influence biological control efficacy or pollute native population genetics.
INTRODUCTION
Classical biological control involves the suppression of pest populations through the importation of natural enemies from the pest's place of origin for mass rearing and release (Van Driesche and Bellows, 1996) . Environmental implications associated with the deliberate introduction of exotic species for biological control, such as possible impacts on endangered species and risks to non-target hosts, have often been ignored (Howarth, 1991; Lynch and Hokkanen, 1995; Duan and Follet, 1999) . Conservation genetics utilizes genetic methods to help preserve species as dynamic entities capable of coping with environmental change, and includes resolution of taxonomic uncertainties and the use of molecular analyses in understanding species' limits and biology (Frankham et al., 2005) . The application of genetics within conservation biology assumes that inbreeding and loss of genetic variation increase the risk of extinction (Frankham, 1995; Frankham et al., 2005) . Here we reveal molecular evidence of hybridization between Diadegma Foerster parasitoids, one introduced and one indigenous, which share hosts and geographic ranges in Japan, and discuss the implications of our results in relation to conservation genetics.
Parasitoids of the genus Diadegma incorporate 201 species (Yu and Horstmann, 1997) , several of which have been introduced for biological control of lepidopteran pests worldwide, most notably against the diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) (Sarfraz et al., 2005) . DBM is considered the most econom-ically damaging pest of cruciferous crops worldwide, with annual control costs estimated at one billion US dollars in the early 90's (Talekar, 1992) . Diadegma semiclausum (Hellen), a larval parasitoid with a Palearctic distribution, has been credited with the effective suppression of DBM in South-East Asian agro-ecosystems following its introduction (Talekar and Shelton, 1993; Sarfraz et al., 2005) . Diadegma semiclausum was likewise introduced to Japan, and continues to be periodically released for suppression of DBM in crucifer crops despite the presence of indigenous D. fenestrale (Holmgren), as the latter is not considered effective alone (K. Miura, personal communication).
An ongoing problem associated with the continued use of Diadegma in biological control is the confusion over species status within the genus (Fitton and Walker, 1992) . In an attempt to alleviate this problem, Azidah et al. (2000) conducted morphometric analyses of Diadegma attacking DBM and reported seven distinct morphospecies, however their results did not definitively separate morphologically similar D. semiclausum and D. fenestrale, among others. The authors gave three possible explanations for this: high intraspecific variation, missing values due to damaged specimens, and possible hybridization, which had been observed previously (see Hardy, 1938) . Azidah et al. (2000) concluded, "Poorly resolved taxonomy is still a major factor in limiting exploitation of Diadegma species in biological control of Plutella xylostella".
Recent molecular analyses utilizing PCR-RFLP of the ITS-2 (rRNA) region effectively discriminated between seven Diadegma species attacking P. xylostella, including D. semiclausum and D. fenestrale, with the CfoI enzyme and one new species was reported (Wagener et al., 2004) . Later phylogenetic studies found D. semiclausum and D. fenestrale had 3.9 and 8.0% nucleotide diversities of COI (mtDNA) and ITS-2 sequences, respectively, and the two species were placed in distinct phylogenetic clades (Wagener et al., 2006) . Although these molecular studies provide effective tools for discrimination of Diadegma species, they do not address problems associated with possible hybridization between D. semiclausum and D. fenestrale.
Diadegma, like most Hymenoptera, reproduce parthenogenetically, the most common form being arrhenotoky, in which male offspring arise from unfertilized, haploid eggs and female offspring from fertilized, diploid eggs. Thelytokous parthenogenesis, where females can produce daughters without mating, is also found in the Hymenoptera. Wolbachia Hertig are known to induce thelytoky in many Trichogramma Westwood (Hymenoptera: Trichogrammatidae) species (Stouthamer, 1989 (Stouthamer, , 1997 Stouthamer et al., 1990; Grenier et al., 1998; Huigens et al., 2000; Pintureau et al., 2000) where infected females produce female offspring from unfertilized eggs, while unfertilized, uninfected eggs normally develop into males. This phenomenon is not restricted to Trichogramma and has been found in a wide range of hymenopteran taxa (Stouthamer, 1997) . Although not tested, it is unlikely that offspring produced from previous crosses between D. semiclausum and D. fenestrale in the laboratory (Hardy, 1938) were induced parthenogenetically due to Wolbachia infection as both parents were obtained from sexual populations and, to date, Wolbachia infection has only been reported in Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae) (Jeyaprakash and Hoy, 2000) and Diadegma chrysostictos (Gmelin) (Hymenoptera: Ichneumonidae) (Cook and Butcher, 1999) where it is not known to induce thelytoky.
Laboratory crosses between arrhenotokous D. semiclausum and D. fenestrale have produced offspring possessing morphological features characteristic to each parent (Hardy, 1938) , but hybridization has yet to be confirmed by molecular methods. For example, crosses between geographically separated sub-species of the parasitoid Aphidius colemani have induced thelytoky following failed copulation attempts, termed gynogenesis (Tardieux and Rabasse, 1988) , and this may be occurring with Diadegma. We analyzed phylogenetic relationships between a D. semiclausum mother crossed with D. fenestrale fathers and their offspring using COI and ITS-2 fragment sequences in an attempt to detect molecular evidence of hybridization, and so discount the possibility that gynogenesis is occurring.
MATERIALS AND METHODS
Diadegma culturing and hybridization. Separate D. semiclausum and D. fenestrale adult cultures were maintained in the laboratory at 15Ϯ1°C, ambient R.H. and under 16L8D light conditions. Adult parasitoids were supplied with third instars of their natural host, DBM, for parasitization ad libitum, and a constant honey supply for sustenance. Both parasitized and unparasitized DBM larvae were reared in plastic containers on radish seedlings at 20Ϯ1°C, ambient R.H. and under 16L8D.
For hybridization, one virgin female D. semiclausum and five D. fenestrale males were placed in an enclosed plastic cup, approximately 90 mm in diameter and 40 mm in height, and observed under ambient laboratory conditions. Once copulated, the female was immediately moved to a separate plastic container, approximately 95 mm in diameter and 55 mm in height, and supplied with thirty, third instar DBM larvae for three days at 20Ϯ1°C, ambient R.H. and under 16L8D. Hosts parasitized by the inter-specific copulated female were reared on fresh cabbage leaves under the same conditions until parasitoid emergence. The P1 female, its conspecific mates and F1 offspring were preserved in acetone prior to DNA extraction.
DNA extraction, PCR and sequencing. Individual specimens (nϭ2 P1 parents and nϭ3 F1 females) were sliced longitudinally with a clean scalpel and placed singly in 90 ml of 5% Chelex buffer with 6 ml of proteinase K (0.5 mg/ml) before being incubated at 56°C for 2 h to extract DNA. Homogenates were then boiled at 99°C for 3 min to inactivate proteinase K and were used as templates for PCR.
PCR reactions were conducted as per Wagener et al. (2006) with changes as follows. Specimen ITS-2 regions were amplified using forward (5Ј-GGG TCG ATG AAG AAC GCA GC-3Ј) and reverse (5Ј-ATA TGC TTA AAT TCA GCG GG-3Ј) primers (ex Navajas et al., 1998 ) that anneal to highly conserved sequences in the 5.8S and 28S rDNA genes flanking the ITS-2 region. PCR amplifications were conducted in an ABI thermal cycler (PE Applied Biosystems PCR System 9700, PE Applied Biosystems, Tokyo, Japan) in 33 ml reactions containing 1.5 U of Taq polymerase (Applied Biosystems, Foster City, CA), 0.66 ml of 10 mM dNTPs, 1.3 ml of 10 pmol ml-1 of each forward and reverse primer, 3.3 ml of 10ϫPCR buffer with MgCl 2 , 1 ml of DNA template, and 26.2 ml of sterile water under the following program: initial denaturing at 92°C for 1 min; 35 cycles of 92°C for 1 min, annealing at 60°C for 1 min, then 72°C for 1 min 30 s; and a final extension step of 72°C for 1 min 30 s. COI fragments were amplified by the same method, except for the annealing step conducted at 55°C with alternate primers as follows: C1-J-1718 (5Ј-GGA GGA TTT GGA AAT TGA TTA GTT CC-3Ј) and C1-N-2329 (5Ј-ACT GTA AAT ATA TGA TGT GCT CA-3Ј) (ex Simon et al., 1994) . All PCRs included a negative control (sterile water instead of DNA) to detect DNA contamination. PCR products were resolved on 2% agarose gels, stained with ethidium bromide and visualized under a UV transilluminator.
PCR products from both parents and one randomly selected female offspring were cloned with p-GEMT Easy Vector system (Promega, Tokyo, Japan). Colonies containing the fragment of interest were isolated and PCRed using M13M4 (5Ј-GTT TTC CCA GTC ACG AC-3Ј) and M13RV (5Ј-CAG GAA ACA GCT ATG AC-3Ј) universal sequencing primers under the previous protocol, except for the annealing step conducted at 50°C. PCR products were then purified and sequenced in a dye terminator-labeled cycle sequencing reaction conducted with BigDye DNA Sequencing Kit ver3.1 (PE Applied Biosystems). The temperature profile was 1 min at 96°C followed by 25 cycles of 10 s at 96°C, 5 s at 56°C and 4 min at 60°C. Reaction products were analyzed using an ABI PRISM 3130xl Genetic Analyzer (PE Applied Biosystems). Partial sequences were edited and assembled with Contig Express in Vector NTI Advance ver. 10.1 (Invitrogen InforMax, Frederick, MD, USA).
Alignments and phylogenies. Multiple ITS-2 and COI sequence alignments were performed using Clustal W (Thompson et al., 1994) in MEGA4 (Tamura et al., 2007) . Separate neighbor-joining phylogenetic trees (Saitou and Nei, 1987) using parental, offspring and species reference ITS-2 and COI fragment sequences with Kimura's 2-parameter correction (Kimura, 1980) and bootstrap testing (1,000 replications) were then constructed. Reference sequences for each species were: D. semiclausum, COI: EMBL accession number AJ885198, and ITS-2: AJ885187; and D. fenestrale, COI: AJ888012, and ITS-2: AJ876417 (ex Wagener et al., 2006) . Diadegma leontiniae ITS-2: AJ877009 and COI: AJ888018 sequences (ex Wagener et al., 2006) were used as outgroups as this species is considered neotropical and not found in Japan.
RESULTS AND DISCUSSION

COI
Both parents and their offspring produced cloned COI fragments of 610 bp (D. semiclausum mother: DDBJ accession number AB379582; D. fenestrale father: AB379578; offspring: AB379581). Mother and offspring COI sequences aligned with one base change at 555 bp, and offspring and father COI sequences demonstrated a 4.2% nucleotide differential (26 of 610), suggesting offspring COI is maternally inherited, as expected. Phylogenetic analysis of COI fragment sequences (Fig. 1) placed the mother, offspring and D. semiclausum reference in one clade, and the father with D. fenestrale reference in another. The offspring was placed closer to the D. semiclausum reference than its mother due to the single, perhaps anomalous, substitution.
ITS-2
Cloned ITS-2 fragment sequences for the mother and father were 753 and 749 bp, respectively (D. semiclausum mother: AB379586 and D. fenestrale father: AB379583). The majority (89%) of cloned and sequenced offspring ITS-2 fragments were 753 bp (AB379588) and they aligned with the mother's ITS-2 sequence displaying one base change at 350 bp, at which point bases from the mother and father matched. Relatively rare (11%) offspring clone ITS-2 fragment sequences of 747 bp were produced (AB379585), which aligned with the father's ITS-2 sequence but displaying two deletions (one at 94 and another at 660 bp), the first of which was also evident in the mother's ITS-2 sequence, and bases from both parents matched at the second location. Both maternal and paternal ITS-2 sequences were found in the offspring suggesting it is a hybrid haplotype. Phylogenetic analysis of ITS-2 fragment sequences (Fig. 2) 538 A. P. DAVIES et al. Fig. 1 . Neighbor-joining tree of parental, offspring and species reference (D. semiclausum AJ885198 and D. fenestrale AJ888012) COI fragment sequences with Kimura's 2-parameter correction, bootstrap testing (1,000 replications) and D. leontiniae as an outgroup. Numbers next to branches indicate bootstrap values greater than 70%. The tree is drawn to scale (given), with branch length units the same as the evolutionary distances used to infer the phylogeny. EMBL accession numbers for species reference and outgroup sequences are given. Fig. 2 . Neighbor-joining tree of parental, offspring and species reference (D. semiclausum AJ885187 and D. fenestrale AJ876417) ITS-2 fragment sequences with Kimura's 2-parameter correction, bootstrap testing (1,000 replications) and D. leontiniae as an outgroup. Numbers next to branches indicate bootstrap values greater than 70%. The tree is drawn to scale (given), with branch length units the same as the evolutionary distances used to infer the phylogeny. EMBL accession numbers for species reference and outgroup sequences are given. placed the mother, the common offspring sequence (Offspring sequence 1) and D. semiclausum reference in one clade, and the father, the rarer offspring sequence (Offspring sequence 2) and D. fenestrale reference in another. Here, offspring ITS-2 sequences were placed more closely to their respective sources (parents) than their reference sequences.
Hybridization
Hybridization and introgression to the F1 generation occurs with one-way crosses between female D. semiclausum and male D. fenestrale in the laboratory. Reverse crosses were therefore not required to prove hybridization is possible, and so, were not attempted. That offspring from inter-specific crosses which display morphological characteristics specific to both parents should possess DNA from each is not surprising. Hybridization has been reported in the gregarious Trichogramma (Nagarkatti and Fazaluddin, 1973; Pintureau and Babault, 1981) , although these studies were similarly limited to the laboratory and parental species identity concerns were raised. Genetic studies have revealed hybridization is more common than first thought in the social Hymenoptera, such as ants, where sperm parasitism and genetic caste determination have been reported (see Nonacs, 2006) , and honeybees, where africanization and introgression of feral European honeybee colonies is expanding from the American tropics into the United States (Pinto et al., 2005) .
Yet in some cases, such as gynogenesis in A. colemani (Tardieux and Rabasse, 1988) , hybridization may not be influencing population structure. In Japan, for example, Yara et al. (2007) examined the displacement of indigenous Torymus beneficus Yasumatsu et Kamijo (Hymenoptera: Torymidae) by introduced Torymus sinensis Kamijo (Hymenoptera: Torymidae) parasitizing chestnut gall wasps, Dryocosmus kuriphilus Yasumatsu (Hymenoptera: Cynipidae) using COI and ITS-2 DNA markers, as the occurrence of hybridization and introgression had been implied from mixed morphological characteristics in some collected specimens. Their nine year study reported evidence of hybridization in the field, but found it was not closely related to displacement.
Evidence of hybridization between D. semiclausum and D. fenestrale in the field is lacking to date. Given molecular evidence of hyrbidization presented herein, we suggest a similar field study to that of Yara et al. (2007) , and further laboratory studies of introgression beyond the F1 generation with reciprocal crosses, are warranted for these species'. Should introgression occur in the field, genetic "contamination" of indigenous D. fenestrale populations is a distinct possibility, perhaps leading to their displacement by D. semiclausum, as occurred with endemic Trichogramma species' in northern Australia following the introduction of Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae) to control lepidopterous pests (Davies et al., 2006 (Davies et al., , 2009 Davies and Zalucki, 2008) , although in this case displacement by competition rather than hybridization was implied but not proven. Possible localized extinction by introgression, as has occurred with native duck species following mating with introduced mallard ducks around the world (Rhymer and Simberloff, 1996) , requires due consideration when exotic species, such as D. semiclausum in Japan, are introduced.
From a biological control perspective, the potential of D. semiclausum to suppress DBM in the field may be influenced by hybridization with D. fenestrale. For example, D. semiclausum biological control potential in Japan was boosted by Takashino et al. (2005) who demonstrated sex ratio improvements akin to hybrid vigor following crosses with newly imported strains. However, hybrid depression is likewise a distinct possibility should introgression occur. More expansive field collections and further crossing experiments and molecular studies are required to clarify, firstly, the occurrence of hybridization between D. semiclausum and D. fenestrale in the field, and secondly, introgressive hybridization effects.
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